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By design, the signals discovered in association studies are driven by common variants that are in high linkage disequilibrium (LD) with other common, and sometimes rare, polymorphisms within the same locus. Variants in high LD can span large genomic distances that are often multigenic, making it difficult to identify the causal gene(s) or mechanism(s) driving the association signal.
It is known, from previous genetics of gene expression studies, that some common disease-associated variants act by modifying noncoding regulatory elements inducing the differential expression of nearby (or distant) genes. 5 If this were a sufficiently common mechanism, one approach to fine-mapping association results would be to identify specific variants, known collectively as expression quantitative trait loci (eQTLs) that regulate gene expression and cross-reference them with disease association signals. Although a number of large-scale eQTL studies Supplemental digital content is available for this article. Direct URL citations appear in the printed text and are provided in the HTML and PDF versions of this article on the journal's Web site (www.ibdjournal.org).
have been performed to identify such putative functional variants, these studies have generally used easily extracted or otherwise already available tissues or cells, such as lymphoblastoid cell lines or peripheral blood leukocytes, as a way of generalizing functionality across tissue types. [6] [7] [8] [9] [10] [11] [12] However, increasing evidence has demonstrated that eQTLs may be tissue-specific: variants affecting expression in one tissue can potentially have no effect or an opposite effect in another. 13 In the context of interpreting signals in genome-wide association studies from particular diseases, it is therefore necessary to examine eQTL data from tissues of direct relevance to the disease under study, e.g., the bowel in the case of IBD and colorectal cancer. In addition, studying the variation in tissue-(or stimulus-) specific eQTLs can inform our understanding of the biology of such systems. 14 We have conducted a comprehensive genetics of gene expression study using ileal and colonic tissue biopsies extracted endoscopically from 65 individuals. This dataset has allowed us to identify variants that affect gene expression in colonic tissue for the first time, with the further aim of better understanding the biological mechanisms underpinning genetic risk for IBD and colorectal cancer.
METHODS

Sample Collection
Seventy-two patients undergoing routine colonoscopy at University College London Hospital (UCLH) were recruited as part of a parallel study investigating mucosal IBD transcriptomics. 15 Ethical approval was obtained from the Joint UCL/UCLH Committees on the Ethics of Human Research. The study cohort consisted of 33 healthy controls, 16 patients with CD, and 23 patients with UC. Mucosal pinch biopsies were obtained endoscopically from macroscopically normal tissue in subsets of these patients from the terminal ileum (n ¼ 19) and 4 colonic locations: the ascending colon (n ¼ 23), the descending colon (n ¼ 29), the sigmoid colon (n ¼ 23), and the rectum (n ¼ 66). At each site, 2 biopsies were taken: one for RNA extraction and another for histological assessment. At the time of sample collection, all patients with IBD were clinically quiescent with a Harvey-Bradshaw score of less than 3 (CD) or a partial Mayo activity score of 2 or less (UC). 16, 17 Healthy controls were under investigation of gastrointestinal symptoms but had both macroscopically and microscopically normal tissue at colonoscopy and histopathological examination, respectively. RNA was extracted from biopsies at each of these locations and the Illumina HT12v4 or WG6v3 microarray chipsets were used to measure relative expression levels. In all, 160 microarray measurements were made from 72 individuals in 5 intestinal locations. Genomic DNA was isolated from peripheral blood or saliva. Further details regarding the sample acquisition and processing can be found in our previous publication. 15 Genotyping, Quality Control, and Imputation All 72 individuals were genotyped at 730,525 singlenucleotide polymorphisms (SNPs) on the Illumina Human OmniExpress platform. Standard technical quality control was performed using PLINK to remove potential sources of technical and genetic bias. 18 Samples were tested for familial relatedness, significant genetic missingness, and outlying genome-wide heterozygosity rates. Principal component analysis was performed using EIGENSTRAT to remove significant population outliers as compared with HapMap individuals. 19 Under these criteria, 70 samples remained after individual-level quality control.
After outlier sample removal, all SNPs with missingness .3%, Hardy-Weinberg equilibrium chi-square P-values ,1 · 10 26 , and minor allele frequency ,5% were removed resulting in a dataset of 590,471 SNPs. All 70 samples were imputed using Impute2 with the 1000 Genomes Phase I integrated variant set release as the primary reference panel. 20, 21 Only variants with an INFO score .0.8, probability threshold .0.9, minor allele frequency .0.05, missingness .0.03, and Hardy-Weinberg equilibrium P-values .1 · 10 26 were retained. After applying these very stringent filters, 3,656,633 SNPs and indels were available in the final eQTL analysis.
Measuring Gene Expression
Gene expression was measured on either Illumina WGv3 or HT12v4 microarray platforms. Data were log2 transformed following cubic spline normalization with background subtraction. Samples measured on each platform were treated as a single batch, and quality control was performed on each batch independently to remove principal component analysis outliers. Probes common between the HT12v4 and WG6v3 arrays (n ¼ 39,425) were selected. Only probes that reached a detection P-value threshold of ,0.01 in at least 2 individuals across all bowel locations on each platform separately were taken forward (n ¼ 14,491). We adjusted for both experimental and chip-level batch effects using the empirical Bayes method ComBat. 22 A number of Illumina probes are known to have common genetic variants within them, which affect binding affinity resulting in them appearing incorrectly as eQTLs. 23 To reduce the occurrence of these technical false positives, 934 probes containing common 1000 Genomes SNPs and indels (minor allele frequency .1%) were removed from our analysis. The remaining probe sets were mapped and annotated using the BioMart and BioConductor package illuminaHumanv4. 24, 25 Ambiguous probes (probes that did not map to at least one Entrez Gene or a known genomic location) were also removed, leaving 13,558 probes.
Regression Framework
We used a standard additive linear model for eQTL identification, regressing normalized probe intensities on genotypes. Because of limited sample size, only cis effects were considered, and pairwise associations were limited to each probe and all SNPs situated one mega-base (Mb) upstream and downstream of its start and end positions. To correct for multiple testing, false discovery rates (FDR) were estimated using the Benjamini and Hochberg 26 procedure for each probe-SNP pair. The genomewide analyses, including multiple-testing correction, were performed using the Matrix eQTL R package. 27 To test the robustness of our additive model, we evaluated our eQTL results for genomic inflation by accounting for potential covariates of gene expression such as age, sex, disease status, population-level principal components, and additional clinical metadata. We also tested for differential effects of genotypes across diseases (CD and UC) by including fixed effects and interaction terms for each condition in our linear model. Our core results remained robust under various regression specifications, and genomic inflation did not vary across models despite the inclusion of potential confounders. In addition, we were unable to identify any genotype-disease interaction effects at genome-wide significance. Because of the reduction of power from the inclusion of all possible covariates and the robustness of our results across models with and without covariates, we chose to report the results from the direct pairwise regressions between probes and variants without dividing the cohort by disease status. Because of the variability in gene expression between bowel locations, genome-wide regressions of each location were conducted separately and were compared at the summary level. Given that the study was powered most effectively to detect eQTLs with the rectal tissue dataset with over twice the number of samples than in any other location, this was used as the primary discovery dataset.
RESULTS
Analysis Summary
Genome-wide cis-eQTL analysis of the 65 rectal samples revealed 56,186 significant probe-variant pairs at an FDR threshold of 5% (P ¼ 9.1 · 10 25 ) as shown in the Manhattan plot in Figure 1 . In total, 48,323 unique variants were associated with 1375 microarray probes. To distinguish independent signals, LD pruning was performed to cluster SNPs with an r 2 correlation of 0.1 or greater. After pruning, 1312 independent loci were found to be associated with the expression of 1375 probes, which represented 1222 unique and identifiable genes (see Table, Supplemental Digital Content 1, http://links.lww.com/IBD/A662). Example plots for the 10 most significant eQTLs are shown in Figure 2 . Two hundred forty-two of the 1312 independent eQTLs spanned more than 1 probe, and of these, 131 mapped to more than 1 Entrez gene ( Table 1) , suggesting that some SNPs may regulate the expression of multiple genes. Two hundred ninety-eight experiment-wide significant loci (P , 10 27 , FDR 1.7 · 10 24 ) contained a mean of 11.3 directly genotyped SNPs supporting the signal.
Similar analyses revealed 171, 211, 168, and 102 independent eQTLs in the sigmoid colon, descending colon, ascending colon, and terminal ileum, respectively at an FDR of 5% (see Table, Supplemental Digital Contents 2-5, http://links.lww.com/ IBD/A663; http://links.lww.com/IBD/A664; http://links.lww. com/IBD/A665; and http://links.lww.com/IBD/A666). The difference in eQTL discovery between the locations tested is driven by variability in sample size, and consequently, statistical power in association testing. Despite the difference in power, the list of most significantly associated genes (FDR 1%) in different intestinal tissues overlapped substantially. The percentage overlap between significant SNP-probe pairs identified in the rectum and each of the other sites were 88.4%, 94.9%, 87.3%, and 75.0% for the sigmoid colon, descending colon, ascending colon, and terminal ileum, respectively. However, 74.0% to 80.6% of genes with eQTLs only in the rectum showed detectable expression in over 90% of non-rectal tissue samples. Thus, the nonoverlap of eQTLs between intestinal tissues within our study was more likely to be driven by the statistical power rather than tissue-specific gene expression.
Comparison with Other eQTL Datasets
The eQTLs identified in the rectal dataset was compared with 7 published eQTL datasets in lymphoblastoid cell lines, fibroblasts, monocytes, T cells, and liver. [6] [7] [8] [9] [10] [11] [12] Approximately, 3 quarters (74%) of all genes with eQTLs identified in our rectal dataset also had eQTLs in at least one of the existing eQTL datasets. The 26% of genes with eQTLs that were unique to the rectum amounted to 318 genes at FDR 5% and 48 genes at the more stringent P , 10 28 . The precise gene overlap between our study and each individual eQTL dataset varied from 9% to 45.4%, influenced by the variation in study sample size and assay type (microarray or RNAseq) in addition to true tissue-specific differences. 
eQTL Coregulation Between Tissues
Our observation that a single SNP sometimes regulated the expression of more than 1 gene led us to test whether rectal eQTLs regulated the same or different genes in other published studies in a tissue-specific manner. SNP identifiers and corresponding Entrez gene identifiers between rectal eQTLs and the 216,768 published eQTLs were compared to identify loci that regulated multiple transcripts across tissues. Of the 48,323 unclumped rectal eQTLs (preremoval of variants in LD), 13,356 SNPs were also found to be an eQTL in another study. Of these 13,356 SNPs, 4802 were associated with differential expression of an alternative gene to the one found in our study (see Table, Supplemental Digital Content 6, http://links.lww.com/IBD/A667).
If we use a very conservative measure of independence by looking at eQTL coregulation only at the tag SNPs in our data, 67 of the 1312 independent eQTLs in the rectal dataset were associated with differential expression of a gene different than the one in our study. This coregulation could be attributed to a range of design factors: existing studies may have limited power to detect multiple associations, annotation between studies is inconsistent and often cannot be compared, and probe sets in older microarray chips may have assayed only a small number of non-overlapping transcripts. However, complex regulation was still observed between our study and a well-powered study identifying eQTLs in the monocytes of 1490 unrelated individuals. 12 This supports the notion that tissuespecific effects of variants on expression drive some aspects of regulation and that the same variant could be associated with expression of different genes across tissues.
Comparison with Known Ileal eQTLs
A recent eQTL study examining postsurgical ileal biopsy specimens identified over 15,000 cis-and trans-eQTLs. 28 Interestingly, the overlap in rectal eQTLs identified in this study and those from the larger existing ileal study were not substantial. At FDR of 1%, 244 of 671 genes (36.4%) with rectal eQTLs also have ileal eQTLs, decreasing to 27.8% of genes at 5% FDR (see Table, Supplemental Digital Content 7, http://links.lww.com/IBD/A668). Thus, 881 of 1222 genes with eQTLs in our study did not have significant evidence of any eQTLs in the ileal biopsy study. We also assessed how many genetic loci acted in both tissues in precisely the same manner, i.e., the same SNP allele correlated with increased expression of the same gene. Of the 48,323 unclumped rectal eQTLs, 2004 SNPs also were found to be significantly associated with gene expression in the ileal study at FDR 5% (see Table, Supplemental Digital Content 7, http://links.lww.com/IBD/A668). However, only 1389 SNPs acted on the same gene, whereas 615 SNPs seemed to regulate mutually exclusive genes within the same region.
Gene Ontology Enrichment
We performed hypergeometic tests to look for enrichment of particular gene ontology categories, pathways, and tissue types Table, Supplemental Digital Content 8, http://links.lww.com/IBD/A669). As expected, enrichment analysis using Uniprot expression gene lists as baseline showed a 1.58-fold enrichment of genes expressed in the colon, the largest enrichment among all tissue types (P ¼ 4.16 · 10 27 ). We did not find any significant enrichment in biological processes linked to IBD, such as autophagy. Similar enrichment results were found when using the genes identified from the ileal eQTL study. 28 As expected, the largest fold enrichment of tissue type for these data was for the small intestine (1.8-fold, P ¼ 7.6 · 10 25 ). Genes expressed in the colon were not significantly enriched in the ileal dataset.
IBD and Colorectal Cancer Risk Loci Found to be rectal eQTLs
In a recent meta-analysis of genome-wide association studies, 163 independent loci were found to be associated with IBD. 2 We tested if any of these IBD loci were also eQTLs in the rectum as a way of suggesting a mechanism of action for these variants. Of the 163 IBD tag SNPs, 132 were typed and tested for differential expression in our analysis. Eleven IBD-associated regions had tag SNPs that were associated with the differential expression of 11 genes ( Table 1) . Six of these loci (ERAP2, SFMBT1, FUT2, ADCY3, INPP5E, and UBE2L3) were previously identified as eQTLs in the ileum. 28 Of the remaining 5 IBD loci with rectal eQTLs that were not found to be eQTLs in ileal tissues, 4 were found to be associated with differential expression of the same genes (CPEB4, IRF5, ATG16L1, and TSPAN14) in other tissues. [6] [7] [8] [9] [10] [11] [12] Variant rs11150589 is a novel eQTL and has not previously been associated with STX4 expression ( Figure 3A) .
Similarly, a colorectal cancer risk locus at 11q23 tagged by rs3802842 was found to be a rectal eQTL associated with differential expression of colorectal cancer associated 2 (COLCA2) [29] [30] [31] ( Figure 3B ). COLCA2 has recently been implicated in the pathogenesis of colon cancer, and the same risk variant has been reported to affect COLCA2 expression in candidate or locusspecific studies. 32 The C risk allele in rs3802842 significantly downregulates the expression of the COLCA2 transcript in our data, suggesting that COLCA2 expression may be related to colonic tumor formation.
DISCUSSION
In this study, we have identified 1312 independent QTLs that were associated with the expression of 1222 unique and identifiable genes in rectal tissue at FDR of 5%. This study has reaffirmed the tissue-specific nature of some eQTLs: 318 of genes (approximately 26%) in our study had not been associated with eQTLs in previous studies. Of the 163 IBD risk associations, 2 11 tag SNPs were found to be eQTLs in colonic tissues. A colorectal cancer risk locus at 11q23 was identified as a genome-wide significant rectal eQTL associated with COLCA2 expression. [29] [30] [31] These results show that tissue-specific characterization of functional variants can be important to understand the biological mode of action for risk loci discovered in association studies.
Consistent with previous reports, our rectal eQTLs show incomplete overlap with published eQTLs in other cell types, even in closely related tissues such as ileum. We believe that 3 factors contribute to this observation, and each is an important consideration for researchers using published eQTL lists. First, the statistical power (driven by sample size) of different eQTL studies contributes enormously to estimates of overlap. 33 Our sample size is modest, especially in the non-rectal samples, so it is hard to draw conclusions about previously reported eQTLs that we are not well powered to find. Second, technical differences, including method of sampling, possible disease state or inflammation, and type of expression assay used (microarray or RNAseq) can result in differential detectability of specific eQTLs in different datasets. Finally, it is clear that both tissue-and context-(e.g., stimulated or resting immune cells) specific effects are widespread, and some, such as the COLCA2 eQTL reported here, may be essential to dissecting disease associations.
Out study furthers the understanding of the relationship between genetic variation and gene expression across the body by contributing new data sampled from biopsies of the large bowel. These mucosal pinch biopsies are composed, however, of multiple cell types including epithelial cells and those of the lamina propria such as immune cells, and thus do not provide a uniform picture of gene expression in these cell types. As previously commented, the study of individual sorted primary cell types isolated from complex tissues may help to reduce this heterogeneity and enable the precise cellular origin of the eQTLs discovered here to be ascertained. 28, 34 It is also not clear the extent to which disease and treatment history affect subsequent expression profiles; studies of large numbers of samples from multiple bowel locations in both patients and healthy individuals will be required.
